Introduction
============

*Zonulae occludentes* (also called Tight Junctions: TJ) of vertebrate polarized epithelial and endothelial cells are crucial for the establishment and maintenance of barriers between body compartments.[@R1] TJ are topologically associated with *zonulae adhaerentes* (ZA) in the "apical junctional complex" (AJC) at the apicolateral border of polarized cells.[@R2] TJ and ZA are formed by specific transmembrane proteins (claudins, occludin/tricellulin, JAM-A for TJ, E-cadherin and nectins for ZA) that are linked intracellularly to cytoplasmic adaptor proteins, for example ZO-1, ZO-2, cingulin and polarity complex proteins at TJ, and β-catenin, p120-catenin, α-catenin, and afadin at ZA.[@R3]^-^[@R5] In addition, specific cytoplasmic adaptor proteins of TJ and ZA are directly or indirectly linked to the actomyosin cytoskeleton, which forms a circumferential contractile belt underlying the ZA.[@R6]^-^[@R8]

Several lines of evidence show that the assembly and integrity of the ZA is essential for the establishment and maintenance of TJ. Antibodies against the extracellular domain of E-cadherin inhibit the assembly of TJ,[@R9] and studies both on cultured cells and in vivo confirm the crucial role of E-cadherin in the regulation of TJ barrier function.[@R10]^,^[@R11] Modulation of the concentration of extracellular calcium, which controls cadherin-dependent adhesion, results in the modulation of the TJ barrier function, as determined by the measurement of the transepithelial electrical resistance (TER) of cultured cell monolayers in either "calcium switch" or calcium depletion assays.[@R12]^-^[@R14] The circumferential actomyosin belt associated with the ZA is critically important in the physiological and pathological regulation of TJ barrier function,[@R15]^-^[@R19] and disruption of E-cadherin-dependent adhesion affects the integrity of the TJ barrier through phosphorylation signals that control the contractility of the actomyosin cytoskeleton.[@R20]

Recent studies have demonstrated that the E-cadherin complex is linked to the microtubule cytoskeleton, through a protein complex containing p120ctn, PLEKHA7, paracingulin (CGNL1) and nezha (CAMSAP3).[@R21]^-^[@R23] Moreover, studies with drugs that inhibit microtubule polymerization show that the integrity of microtubules is required to maintain TJ barrier function in different types of epithelial and endothelial cells.[@R24]^-^[@R26] Microtubules have also been implicated in the perturbation of the TJ barrier by enteric pathogens.[@R27] These observations raise a key question: does the protein complex that connects E-cadherin to microtubules regulate the TJ barrier?

PLEKHA7 links the microtubule cytoskeleton to the ZA, by binding to p120ctn and nezha.[@R21]^-^[@R23] Unlike most other ZA proteins, including E-cadherin, p120ctn, α-catenin, and β-catenin, PLEKHA7 is not localized along the lateral membranes of polarized epithelial cells, but only at the apical circumferential ZA.[@R22] Depletion of the PLEKHA7 complex in Caco2 cells perturbs the organization of the ZA,[@R21] suggesting that it may indirectly affect the stability of the neighboring TJ. However, the role of PLEKHA7 in regulating TJ barrier function has not yet been investigated. PLEKHA7 is expressed in organs, such as kidney and intestine, where modulation of epithelial barrier function is critical for physiology.[@R22] Moreover, its involvement in the pathogenesis of glaucoma may depend on a hypothetical role in controlling the TJ barrier.[@R28] For these reasons, it is important to examine whether PLEKHA7 is implicated in the modulation of the TJ barrier. In the present paper we address this question, by studying the effects of exogenous expression of different PLEKHA7 constructs on the molecular organization and paracellular permeability of TJ of MDCK cells. Our results provide evidence that PLEKHA7 contributes to modulating the dynamic assembly and disassembly of the TJ barrier in a microtubule-dependent manner, through the junctional enrichment of E-cadherin complex proteins.

Results
=======

PLEKHA7 constructs containing either N-terminal or central domains are targeted to junctions
--------------------------------------------------------------------------------------------

We reasoned that if PLEKHA7 contributes to ZA stability, and ZA integrity affects TJ barrier function, exogenous expression of PLEKHA7 in cultured epithelial cells might influence the paracellular permeability barrier, in experimental models of junction assembly/disassembly induced either by calcium switch or calcium depletion, respectively. To test this hypothesis, we generated stable clones of MDCK-tet-off cells, where expression of exogenous human PLEKHA7 constructs was induced by removal of doxycycline (Dox) from the culture medium ([Fig. 1](#F1){ref-type="fig"}).

![**Figure 1.** Generation of stable MDCK tet-off cell clones with inducible expression of PLEKHA7 constructs. (**A**) Schematic diagrams showing the putative minimal regions of PLEKHA7 which can interact with afadin (residues 120--374 in human PLEKHA7), p120ctn (538--696), CGNL1 (620--769), or nezha (680--821),[@R21]^,^[@R23]^,^[@R29] and schematic structure of the PLEKHA7 constructs (Full-length FL, N-terminal = N-term., C-terminal = C-term., Central) used to generate stable clones of MDCK tet-off cells. Constructs were tagged N-terminally with YFP, and C-terminally with myc. Putative structural domains are indicated: WW (purple), PH (brown), Pro-rich (P, red), and coiled-coil (CC, blue, CC1 = residues 686--835, and CC2 = residues 1055--1095, based on Phyre2 analysis). Numbers indicate position of PLEKHA7 amino acid residues within constructs. (**B**) Immunoblotting analysis of lysates of MDCK cell lines (two clones for each construct shown) cultured either in the presence (+) or in the absence (-) of doxycycline, using antibodies against the myc tag (to detect exogenous PLEKHA7), E-cadherin (E-cad.), cingulin (CGN) and tubulin (loading control). Numbers on the right indicate the migration of pre-stained markers (kDa). (**C**) Confocal immunofluorescent analysis of induced cultures of stable clones showing the localization of exogenous PLEKHA7 constructs (green, YFP) and α-tubulin (red), on the apical plane of focus (ZO-1 labeling is shown for control cells, panel E). Arrows = junctional labeling; arrowheads = cytoplasmic labeling; circle = cytoplasmic dots; n = nuclear labeling. (**D**) Table summarizing the subcellular localization of each YFP-tagged construct, based on immunofluorescence on paraformaldehyde-fixed cells. (**E**) Immunofluorescent labeling of control Tet-off cells showing tubulin and ZO-1 in the apical plane of focus. Bar = 10 μm.](tisb-2-e28755-g1){#F1}

To design the constructs, we took into account the putative regions of PLEKHA7 which have been implicated in the interaction with different protein partners, namely afadin, p120ctn, CGNL1 and nezha (CAMSAP3) ([Fig. 1A](#F1){ref-type="fig"}).[@R21]^,^[@R23]^,^[@R29] The Full-length (FL) construct contained all the putative interactor binding sites, the « N-terminal » (N-term.) construct contained the afadin-binding, and part of the p120ctn-interacting sequences. The C-terminal (C-term.) construct contained part of the afadin-binding sequence, and the sequences involved in the interaction with p120ctn, CGNL1 and nezha. The « Central » construct lacked both the afadin-binding region, and additional sequences downstream of the first coiled-coil region, but it comprised the p120ctn, CGNL1, and part of the nezha-binding domains. ([Fig. 1A](#F1){ref-type="fig"}). Constructs were tagged N-terminally with YFP, to directly visualize their expression in induced cells ([Fig. 1A](#F1){ref-type="fig"}).

Immunoblotting analysis showed that the exogenous proteins were expressed at very low or undetectable levels in the presence of Dox, and were strongly upregulated following Dox removal ([Fig. 1B](#F1){ref-type="fig"}). Expression of exogenous PLEKHA7 constructs did not result in detectable changes in the levels of expression of ZA and TJ proteins, including E-cadherin, cingulin ([Fig. 1B](#F1){ref-type="fig"}), α-catenin, β-catenin, p120ctn, paracingulin, and ZO-1 (data not shown). Immunofluorescence analysis confirmed that fluorescent exogenous protein was very low or undetectable in cells grown in the presence of Dox ([Fig. 2](#F2){ref-type="fig"}, and data not shown).

![**Figure 2.** Exogenous expression of full-length, N-terminal, C-terminal, but not Central PLEKHA7 constructs enhances ZA recruitment and PA clustering of E-cadherin. Confocal immunofluorescence analysis of clonal lines of MDCK cells showing labeling for exogenous constructs (green) and E-cadherin, either in the apical plane of focus (ZO-1, gray, left panels), which contains ZA (*zonula adhaerens)*, or in the basal plane (nuclei, blue DAPI, right panels), which contains PA (*puncta adhaerentia*). (**A**) Full-length, uninduced (FL+DOX); (**B**) Full-length, induced (FL); (**C**) N-terminal, induced (N-TERM); (**D**) C-terminal, induced (C-TERM; (**E**) Central, induced. Matched arrows indicate matched normal junctional labeling (using ZO-1 as a reference fore the apical plane), and matched arrowheads indicate matched decreased junctional labeling (B, C, D, apical plane) or diffuse lateral labeling (A and E, basal). Within each panel, arrows indicate stronger labeling than arrowheads. The basal plane was typically 10--15 μm below the apical plane. Bar = 10 μm.](tisb-2-e28755-g2){#F2}

Next, we examined the localization of the exogenous constructs by immunofluorescence. All constructs were targeted to cell-cell junctions (arrows in [Fig. 1C](#F1){ref-type="fig"}, and [Fig. 1D](#F1){ref-type="fig"}), indicating that they all contained sequences that are sufficient for the junctional recruitment of PLEKHA7. The Full-length and C-terminal constructs showed a selective accumulation at junctions, and little or no cytoplasmic labeling ([Fig. 1 C-D](#F1){ref-type="fig"}). In contrast, the N-terminal and Central constructs showed not only an accumulation at junctions, but also a finely diffuse cytoplasmic labeling (arrowheads in [Fig. 1C](#F1){ref-type="fig"} and [Fig. 1D](#F1){ref-type="fig"}, see also [Figs. S1--S3](#SUP1){ref-type="supplementary-material"}). In the case of the N-terminal construct, labeling was also detected in the nuclei (« n » in [Fig. 1C](#F1){ref-type="fig"}, [Fig. 1D](#F1){ref-type="fig"}, see also [Figs. S1--S3](#SUP1){ref-type="supplementary-material"}). Cytoplasmic dots were often detected in cells expressing low/medium amounts of exogenous proteins, and additional granular cytoplasmic labeling was detected in cells expressing high levels of exogenous proteins (circles in [Fig. S1](#SUP1){ref-type="supplementary-material"}, see also [Fig. S2, S3](#SUP1){ref-type="supplementary-material"}), suggesting that exogenous PLEKHA7 proteins may ectopically associate with centrosomes, primary cilia, and the minus ends of cytoplasmic microtubules.

Since PLEKHA7 is part of a complex that is associated with microtubules, we asked whether the organization of microtubules is affected by exogenous expression of PLEKHA7 constructs. Tubulin staining in confluent MDCK monolayers was concentrated in the apical plane of focus, containing the TJ marker ZO-1 (arrow in [Fig. 1E](#F1){ref-type="fig"}), whereas it was much weaker in the sub-apical and basal planes, below ZO-1 (asterisks in [Fig. 1E](#F1){ref-type="fig"}, see also [Fig. S3](#SUP1){ref-type="supplementary-material"}). In cells expressing exogenous PLEKHA7 constructs, we selected regions of the monolayer where neighboring cells expressed different levels of exogenous protein, to directly compare tubulin staining. No difference was observed in the distribution of microtubule labeling between cells expressing either low or high amounts of exogenous PLEKHA7 constructs, either under normal conditions (matched asterisks in [Fig. 1C](#F1){ref-type="fig"}) or after treatment with nocodazole ([Fig. S3](#SUP1){ref-type="supplementary-material"}). This indicated that PLEKHA7 exogenous proteins did not induce a detectable reorganization of the microtubule cytoskeleton, nor did they induce an accumulation of ectopic microtubules along cell-cell junctions.

Exogenous expression of full-length, N-terminal and C-terminal, but not central PLEKHA7 constructs enhances the zonular accumulation and lateral clustering of E-cadherin complex proteins
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

We next examined whether expression of exogenous constructs of PLEKHA7 modified the distribution of proteins of the cadherin complex, which includes E-cadherin, p120-ctn, and β-catenin. All of these proteins are localized in polarized epithelial cells at two distinct localizations: at the apical circumferential belt (*zonula adhaerens*, ZA), where endogenous PLEKHA7 is also detected, and at the lateral *puncta adhaerentia* (PA), where PLEKHA7 is not detected.[@R22] We examined regions of the monolayer where neighboring cells expressed different levels of exogenous protein, to ask whether increased exogenous (PLEKHA7) protein correlated with increased labeling for either E-cadherin, p120ctn, and β-catenin. Images were taken both at the apical, zonular ZA plane, using ZO-1 as a marker ([Fig. 2](#F2){ref-type="fig"}, apical), and at a more basal plane which did not contain ZO-1, but contained prominent nuclear labeling ([Fig. 2](#F2){ref-type="fig"}, basal). In confluent cultures grown in the presence of Dox, which inhibits transgene expression, no labeling either for the full-length construct ([Fig. 2A](#F2){ref-type="fig"}), or for any of other exogenous constructs (data not shown) was detectable in either plane of focus. E-cadherin labeling in the apical plane was distributed along along circumferential ZA, similar to ZO-1 (arrows in [Fig. 2A](#F2){ref-type="fig"}). In a more basal plane of focus, E-cadherin was distributed diffusely and along discontinuous spots throughout the lateral membrane, corresponding to PA (arrowhead in [Fig. 2A](#F2){ref-type="fig"}, basal). Upon induction of expression, labeling for the exogenous proteins was detected not only at cell-cell junctions in the ZA plane of focus, but also at cell-cell contact areas in the basal planes of focus, throughout the lateral membrane ([Fig. 2](#F2){ref-type="fig"}, [Fig. 3](#F3){ref-type="fig"}, basal). This indicated that although PLEKHA7 is localized in normal tissues in situ exclusively at the ZA,[@R22] when exogenously expressed it can also be recruited to lateral PA. Close examination of E-cadherin labeling in the apical plane of focus, using ZO-1 as a marker, clearly showed increased zonular E-cadherin labeling in cells expressing higher levels of exogenous Full-length, N-terminal, and C-terminal constructs (compare arrows/stronger labeling with arrowheads/weaker labeling in [Fig. 2B-D](#F2){ref-type="fig"}, apical). In contrast, no increase of E-cadherin labeling at the ZA was observed in cells expressing the Central construct ([Fig. 2E](#F2){ref-type="fig"}, apical). Furthermore, in the basal plane of focus of expressing cells, E-cadherin was no longer distributed diffusely in PA along the lateral membrane, but was accumulated in fewer, more brighly labeled spots, which precisely co-localized with exogenous PLEKHA7 (matching arrows in [Fig. 2B-D](#F2){ref-type="fig"}, basal, see [Fig. S1E](#SUP1){ref-type="supplementary-material"} for a scheme). Again, this lateral clustering effect was observed with the Full-length, N-terminal, and C-terminal constructs ([Fig. 2B-D](#F2){ref-type="fig"}), but not with the Central construct, where cells showed diffuse lateral E-cadherin labeling, similarly to cells grown in the presence of Dox (arrowhead in [Figure 2E](#F2){ref-type="fig"}, basal). Essentially identical observations were made when examining the localization of additional protein components of the E-cadherin complex, namely p120-ctn, α-catenin, and β-catenin: in cells expressing Full-length, N-terminal, and C-terminal, but not Central PLEKHA7 constructs, zonular labeling of the ZA protein was increased, and the more basal, lateral PA labeling was clustered, and co-localized with clustered exogenous PLEKHA7 ([Fig. S1A-D](#SUP1){ref-type="supplementary-material"} and data not shown).

![**Figure 3.** Exogenous expression of full-length PLEKHA7 enhances the ZA recruitment of paracingulin, but not cingulin, ZO-1, occludin and afadin. Confocal immunofluorescence analysis of MDCK cells expressing the Full-length construct cells with labeling for exogenous protein (green) and either paracingulin (CGNL1, (**A**)), cingulin (CGN, (**B**)) occludin (OCCL, (**D**)), or afadin (AFAD), (**E**)) in red. ZO-1 labeling in triple-stained cells is shown in gray in apical, left panels, and in basal plane (**B**). See legend to [Figure 1](#F1){ref-type="fig"} for arrow/arrowheads description. Bar = 10 μm.](tisb-2-e28755-g3){#F3}

In summary, these observations showed that exogenous expression of all PLEKHA7 constructs, except for the Central construct, results in enhanced ZA recruitment of E-cadherin-complex proteins, and their clustering along the lateral cell-cell contact regions ([Fig. S1E](#SUP1){ref-type="supplementary-material"}).

Exogenous expression of PLEKHA7 constructs does not affect the localization of zonular membrane and cytoplasmic components of the apical junctional complex, with the exception of paracingulin
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The ZA, together with the TJ, forms the « apical junctional complex » (AJC), which is characterized by proteins whose distribution is exclusively «zonular », e.g., in a continuous circumferential belt. These include 1) specific TJ and membrane proteins, such as cingulin, occludin and ZO-1; 2) paracingulin, which is localized both at TJ and ZA, and 3) afadin and PLEKHA7, which, unlike most proteins of the E-cadherin complex, are localized at the ZA, but not at lateral PA.[@R22]^,^[@R23] So, we asked whether expression of exogenous PLEKHA7 constructs influenced the junctional recruitment and subcellular localization of zonular AJC proteins.

We found that paracingulin labeling in the apical plane of focus was increased in cells expressing higher levels of exogenous Full-length, N-terminal, and C-terminal, but not Central constructs ([Fig. 3A](#F3){ref-type="fig"}, apical, and [Fig. S2](#SUP1){ref-type="supplementary-material"}). Unlike E-cadherin complex proteins, we did not observe a significant increase of lateral paracingulin labeling in cells expressing the Full-length, N-terminal, and C-terminal constructs, indicating that PLEKHA7 does not induce the ectopic lateral recruitment of CGNL1 ([Fig. 3A](#F3){ref-type="fig"}, basal, and [Fig. S2](#SUP1){ref-type="supplementary-material"}). In contrast to CGNL1, the zonular labeling for cingulin, ZO-1, occludin, and afadin was not affected by exogenous expression of PLEKHA7 constructs, and no labeling was detected at junctions in more basal planes of focus, where exogenous PLEKHA7 constructs were still detected ([Fig. 3B-D](#F3){ref-type="fig"}, and [Fig. S2](#SUP1){ref-type="supplementary-material"}).

Exogenous expression of PLEKHA7 does not affect either the establishment of the TJ paracellular permeability barrier to ions during the calcium switch, or the barrier to large solutes
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The observation that exogenous expression of specific PLEKHA7 constructs promotes the accumulation of E-cadherin complex proteins at the ZA raises the possibility that E-cadherin-dependent modulation of TJ barrier function may be affected in these cells. To test this hypothesis, we first measured the development of the transepithelial electrical resistance (TER) of the different clonal lines in the « calcium switch » assay, where junction re-assembly is rapidly induced by adding calcium to cultures incubated for 16--18 h in the absence of extracellular calcium. In this assay, the TER profile of MDCK cells shows a characteristic peak between 4 and 8 h after the switch.[@R30]^,^[@R31] Clonal lines were assayed either in the presence (uninduced) or absence (induced) of Dox. All clonal lines showed a peak of TER between 4 and 8 h, with a resistance value between 200--400 ohm.cm^2^. We observed no significant difference when comparing the profiles of each pair of cultures, either in the presence or the absence of Dox ([Fig. 4](#F4){ref-type="fig"}). Immunofluorescent analysis of the localization of ZA and TJ proteins at different times during the calcium switch confirmed that there was no detectable difference in the dynamics of junction assembly, whether the exogenous PLEKHA proteins were expressed or not (data not shown).

![**Figure 4.** Expression of exogenous PLEKHA7 constructs does not affect TER development during the calcium switch in MDCK cells. Transepithelial electrical resistance (TER, ohm.cm^2^) profiles of representative clonal lines of MDCK cells expressing YFP (Control) or YFP-tagged constructs of PLEKHA7 (see legends), either in the absence (red) or presence (blue) of doxycycline, during the calcium switch.](tisb-2-e28755-g4){#F4}

Next, we asked whether the barrier to large solutes is affected in cells expressing exogenous PLEKHA7 constructs, by measuring the flux of fluorescently labeled dextran. In normal calcium medium all clones showed a very low permeability to dextran, which was similar to that of control cells, and was not dependent, for each clone, on whether the exogenous protein was repressed or induced (plus or minus Dox) ([Fig. 5](#F5){ref-type="fig"}). One hour after calcium removal, the flux was increased 10-fold to 30-fold, depending on the clone, and independently of the presence of Dox ([Fig. 5](#F5){ref-type="fig"}).

![**Figure 5.** Exogenous expression of PLEKHA7 constructs does not affect paracellular permeability to large solutes. Histogram showing paracellular permeability to 3 kDa dextran of clonal MDCK lines expressing PLEKHA7 constructs, and control MDCK Tet-off cells, either at normal extracellular calcium concentration (NC, value at 2 h), or after extracellular calcium depletion (LC, value at 30 min after calcium depletion), either in the presence (+DOX, uninduced) or in the absence (-DOX, induced) of doxycycline.](tisb-2-e28755-g5){#F5}

Taken together, these observations show that inducible expression of exogenous constructs of PLEKHA7 does not significantly affect either the establishment of the TJ barrier to ions in the calcium switch, or the flux to large molecules in confluent monolayers at steady-state.

Exogenous expression of specific PLEKHA7 constructs affects the dynamics of TJ barrier establishment at normal calcium, and protects from disruption of the TJ barrier by extracellular calcium removal in a microtubule-dependent manner
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

When junctions are assembled during the calcium switch, assembly is rapid, because it occurs from a pool of pre-synthesized junctional proteins, which become stabilized at the cell membrane with fast kinetics, following calcium readdition. However, junction assembly can also be obtained following trypsinization of monolayers and assembly at normal calcium (NC). This assembly is slower, since it requires the synthesis and junctional delivery of protein components of junctions. To study the effect of exogenous expression of PLEKHA7 constructs on junction assembly at NC, clonal cell lines grown either in the presence, or in the absence of Dox were trypsinized, and seeded into transwells at confluent density in NC medium, and the TER was measured 18 h later. The TER value of clones expressing the full-length, N-terminal, and C-terminal constructs, but not the Central construct, was significantly lower than the values of uninduced cells ([Fig. 6A](#F6){ref-type="fig"}), suggesting that expression of these exogenous proteins perturbs the development of the TJ barrier at normal calcium. When the TER was measured at steady-state, e.g., 48 h or later after the beginning of junction assembly at normal calcium, all clones showed a similar TER, and within each clone there was no difference between the uninduced and induced cells ([Fig. 6A](#F6){ref-type="fig"}), confirming that exogenous expression of PLEKHA7 contructs does not affect TER at steady-state.

![**Figure 6.** Exogenous expression of Full-length, N-terminal and C-terminal but not Central PLEKHA7 constructs attenuates barrier disruption by extracellular calcium removal, in a microtubule-dependent manner. (**A**) TER values (expressed as % of value of uninduced, +dox cultures) of clonal lines of MDCK cells after trypsinization and incubation of confluent monolayers at normal extracellular calcium for either 18 h (NC + dox 18hr, NC-dox 18hr) or 64 h (NC + dox 64hr, NC-dox 64hr). The values at 64 h were the average of two experiments. (**B**) TER values (expressed as % of value after overnight incubation in NC) of clonal lines of MDCK cells under different conditions: normal calcium (NC) or 30 min low calcium treatment (LC), uninduced or induced (+dox, -dox), treated or untreated with nocodazole (DMSO, noco). For cultures maintained at normal calcium, the TER values were expressed as % of the value before treatment with either DMSO or nocodazole. For cultures undergoing calcium depletion (only the 30 min time point is shown), the TER values were expressed as % of value at time 0, after treatment with either DMSO or nocodazole, and just prior to calcium removal. \* = *P* \< 0.05.](tisb-2-e28755-g6){#F6}

Next, we used the « calcium depletion » assay to examine whether exogenous expression of PLEKHA7 constructs can stabilize cadherin-based complexes, and thus partially protect the TJ barrier from disruption following extracellular calcium removal. Removal of extracellular calcium results in the inhibition of homophylic cadherin-mediated adhesion, and subsequent actomyosin cytoskeleton-mediated opening of the TJ.[@R14]^,^[@R20] To explore the role of microtubule integrity in this assay, we studied the behavior of monolayers treated either with nocodazole, or with vehicle (DMSO). Following this treatment, cultures were incubated for 30 min either in medium with normal calcium (NC, with either DMSO or nocodazole), or with low calcium medium (LC, with either DMSO or nocodazole), this latter to disassemble junctions. Incubation of uninduced cultures in LC medium and DMSO resulted in a fall in TER, to 10--20% of initial values ([Fig. 6B](#F6){ref-type="fig"}, LC+DMSO+dox). However, in induced clones expressing either Full-length, N-terminal, or C-terminal constructs, the TER was significantly higher after calcium removal ([Fig. 6B](#F6){ref-type="fig"}, LC+DMSO-dox). When nocodazole was added to the cultures, it did not modify significantly the size of the fall in TER in the presence of Dox ([Fig. 6B](#F6){ref-type="fig"}, LC+noco+dox). However, in the absence of Dox, where the TER was higher due to transgene expression, addition of nocodazole resulted in a significant fall in TER, down to levels similar to those of uninduced cultures, in cells expressing either the Full-length, N-terminal, or C-terminal constructs ([Fig. 6B](#F6){ref-type="fig"}, LC+noco-dox). In contrast, lines expressing the Central construct did not display significant changes in the size of the fall in TER, with or without induction, or with or without nocodazole, when compared with Control cells. These results indicate that exogenous expression of PLEKHA7 constructs containing either all the N-terminal or all the C-terminal regions protects epithelial monolayers from TJ barrier disruption following extracellular calcium removal, and this protective effect is dependent upon the integrity of microtubules.

To further understand the cellular basis of the phenotype, we examined by immunofluorescence the effect of nocodazole on the organization of microtubules and the distribution of exogenous PLEKHA7 constructs. Microtubules were abundant in the apical plane of focus and scarce in the basal plane, and we could not detect any major change in their organization when comparing control cells, and cells expressing different levels of exogenous PLEKHA7 proteins ([Fig. S3](#SUP1){ref-type="supplementary-material"}, see also [Fig. 1](#F1){ref-type="fig"}). Nocodazole treatment resulted in an overall decrease in tubulin labeling, a decrease in the number of microtubules, and the appearance of fewer, more brightly stained microtubules, detectable especially in the apical plane of focus ([Fig. S3](#SUP1){ref-type="supplementary-material"}). No significant difference could be observed between control cells, and cells expressing exogenous PLEKHA7 proteins. Treatment with nocodazole did not affect the junctional labeling for the exogenous PLEKHA7 constructs, except for a fragmentation of junctional labeling in the basal plane of focus, which was observed in cells expressing either the N-terminal or the Central constructs (arrow in [Fig. S3](#SUP1){ref-type="supplementary-material"}, N-term). In the case of the Full-length and C-terminal constructs, we observed an increase in the number of cytoplasmic « dots » (circles in [Fig. S3](#SUP1){ref-type="supplementary-material"}, Full-length), which could occasionally be imaged at microtubule ends (magnified inset in [Fig. S3](#SUP1){ref-type="supplementary-material"}, C-term), suggesting that the exogenous proteins may be recruited to the minus ends of the microtubules generated following nocodazole treatment.

PLEKHA7 forms a microtubule-independent complex with TJ proteins
----------------------------------------------------------------

To explore whether PLEKHA7 might modulate TJ barrier function by an interaction with TJ proteins, we asked whether PLEKHA7 forms complexes with TJ proteins. PLEKHA7 is known to interact with paracingulin, which is not exclusively localized at TJ, but also at the ZA.[@R23] However, complex formation between PLEKHA7 and TJ proteins, such as cingulin and ZO-1, has not been reported so far. Immunoblot analysis of PLEKHA7 immunoprecipitates from lysates of intestinal epithelial cells showed that not only paracingulin, but also cingulin and ZO-1, are detected in PLEKHA7 immunoprecipitates ([Fig. 7A](#F7){ref-type="fig"}). Next, we asked whether the integrity of microtubules is required for the formation of the complex between PLEKHA7 and TJ proteins, by carrying out immunoprecipitation from lysates of cells treated either with DMSO or nocodazole. We did not detect significant differences in the amount of ZO-1 ([Fig. 7B](#F7){ref-type="fig"}) and cingulin (not shown) in PLEKHA7 immunoprecipitates, with or without nocodazole, indicating that the integrity of microtubules does not perturb the ability of PLEKHA7 to form a complex with TJ proteins.

![**Figure 7.** PLEKHA7 forms a complex with TJ proteins. (**A**) Immunoblot analysis of PLEKHA7 immunoprecipitates from lysates of confluent human intestinal colon carcinoma cells (Caco2) with antibodies against PLEKHA7, ZO-1, cingulin and paracingulin. (**B**) Immunoblot analysis of PLEKHA7 immunoprecipitates, with antibodies against either PLEKHA7 or ZO-1, from lysates of Caco2 cells treated with either DMSO or nocodazole for 1 h prior to lysis. Numbers on the right indicate migration of molecular size markers (kDa).](tisb-2-e28755-g7){#F7}

Discussion
==========

Here we provide the first evidence for a role of the ZA protein PLEKHA7 in modulating epithelial TJ barrier function, through a mechanism which we propose to depend on the stabilization of the E-cadherin complex by microtubules. Although exogenous expression of PLEKHA7 constructs in MDCK monolayers did not affect either the development of the TJ barrier to ions during the calcium switch, or the steady-state TER, or the steady-state flux of large solutes, specific contructs slowed TER development at normal calcium, and attenuated the fall in TER of confluent monolayers following extracellular calcium depletion.

PLEKHA7 is a key component of the molecular complex that links the epithelial ZA to the minus ends of non-centrosomal microtubules.[@R21] Non-centrosomal microtubules are abundant in epithelial cells, and are stabilized by capture and anchoring at cortical sites.[@R32] In addition to PLEKHA7, several other junctional/cortical proteins, including desmoplakin, APC, and cingulin have been implicated in microtubule anchoring to epithelial junctions.[@R21]^,^[@R33]^-^[@R35] However, there is so far no evidence that any of the above proteins is involved in regulating the TJ permeability barrier. For example, cingulin depletion or exogenous expression in MDCK cells, and cingulin knockout, either in embryoid bodies or mice, does not result in changes in either the development or the steady-state function of the TJ barrier, and does not affect the organization of the ZA.[@R30]^,^[@R36]^-^[@R38] Although previous studies have shown that a correct organization and anchoring of microtubules is required for the maturation of an efficient TJ barrier,[@R24]^-^[@R26]^,^[@R39] the molecular mechanisms of this regulation were unknown. Our observations identify PLEKHA7 as the first junctional protein, among those involved in microtubule anchoring, whose expression levels can modulate the TJ barrier function.

We observed a correlation between the ability of exogenous PLEKHA7 constructs to enhance the accumulation of E-cadherin complex proteins at the ZA and promote their clustering along lateral PA, with the ability of the same constructs to slow down the development of a normal TER at normal extracellular calcium, and attenuate the fall in TER induced by depletion of extracellular calcium. These observations point to a mechanistic implication of the E-cadherin complex in the phenotypes that we observed. Specifically, the observation that the fall in TER in the calcium depletion model in these clones was enhanced by disrupting microtubule integrity is consistent with the role of PLEKHA7 as a protein that stabilizes the E-cadherin protein complex, through connecting it to microtubules.[@R21] We propose that in cells that express specific exogenous contructs of PLEKHA7, the increase in the amount of E-cadherin complex proteins and PLEKHA7 at the ZA results in strengthened anchoring to the microtubule cytoskeleton, a more stable ZA, and a less dynamic remodeling, delivery and endocytic removal of ZA proteins.[@R26]^,^[@R40]^,^[@R41] Additional studies will be required to test these hypotheses.

Afadin has a key role in the proper formation and actin anchoring of the ZA,[@R42]^-^[@R44] and in TJ assembly and function.[@R45]^-^[@R47] However, since exogenous expression of PLEKHA7 constructs did not affect afadin recruitment at the ZA, we speculate that the effect of PLEKHA7 constructs on the TJ barrier does not occur through afadin. In contrast, the effect of PLEKHA7 constructs on the accumulation of paracingulin confirms the notion that paracingulin is a component of the complex that links microtubules to the ZA, and is recruited by PLEKHA7 to the ZA.[@R23] Finally, although we show that PLEKHA7 is detectable in a complex with specific TJ proteins such as cingulin and ZO-1, the apparent lack of effect of PLEKHA7 constructs on TJ protein organization argues against a direct role of PLEKHA7 in modulating TJ barrier function through actions on the cytoplasmic scaffolding complex of TJ. Therefore, the functional significance of PLEKHA7 interaction with afadin, cingulin, and ZO-1 in the regulation of TJ barrier function remains unclear.

There is an apparent discrepancy in our observation that exogenous expression of PLEKHA7 constructs slowed TER development when junction assembly was performed at normal extracellular calcium, but not when it was performed by the calcium switch. This could be due to the fact that junction assembly by the calcium switch is rapid, and relies on the fusion of endocytic vesicles containing the pre-assembled junctional complexes with the plasma membrane upon calcium re-addition.[@R48]^,^[@R49] Excess PLEKHA7 may not interfere with this process, since the junctional machineries are already pre-assembled, and the actin rather than the microtubule cytoskeleton plays a major role, as indicated by the role of Rac1 in TER development in this model.[@R31] In contrast, junction assembly at normal calcium after trypsinization has slower dynamics, involves de novo protein synthesis, and may require a precise spatial organization of microtubules, to correctly deliver newly synthesized ZA and TJ proteins to the plasma membrane.[@R13]^,^[@R50]^-^[@R52] Exogenous PLEKHA7 proteins appeared to be associated with microtubule minus ends, and future studies should address the role of PLEKHA7 in microtubule dynamics and trafficking. However, since at steady-state all clones showed a similar TER value, regardless of induction of exogenous protein expression, both in assembly by calcium switch and at normal calcium, we conclude that PLEKHA7 exogenous expression only subtly affects the dynamics of the establishment and disruption of the TJ barrier, but not its integrity at steady-state. Preliminary observations on intestinal epithelial cells also show that PLEKHA7 depletion has a modest inhibitory effect on the establishment and maintenance of the TJ barrier (our unpublished observations). The phenotype of PLEKHA7-depleted cells will be investigated in future studies.

Our results also provide new information about structure-function relationships in PLEKHA7. Although afadin was reported to be important for PLEKHA7 junctional recruitment,[@R29] we observed that the Central construct, lacking all of the putative afadin binding sequence, was still targeted to junctions. This would indicate that the interaction with p120ctn, which occurs in the central region, is sufficient for PLEKHA7 recruitment to both ZA and PA. Conversely, the observation that both the N-terminal and Central constructs displayed a cytoplasmic localization suggests that the presence of both afadin-binding and p120ctn/CGNL1/nezha binding regions is essential for a stable association of PLEKHA7 with the ZA. The association of the N-terminal construct with p120ctn is also, presumably, responsible for the E-cadherin enrichment at ZA and PA, since this construct is in principle lacking the CGNL1 and nezha interaction sequences. We cannot exclude that additional protein interactions may help endogenous PLEKHA7 or exogenous constructs to be targeted to ZA and PA, and future studies will address this question.

Our results, providing the first evidence for a role of PLEKHA7 in modulating the dynamics of the TJ barrier, may help to understand the molecular mechanisms through which PLEKHA7 participates in the pathogenesis of primary angle closure glaucoma[@R28]^,^[@R53] and hypertension.[@R54]^-^[@R56] For example, PLEKHA7 expression levels may influence the response of epithelial tissues to physiological or pathological stimuli that modulate the paracellular barrier. Similarly, mutations in the PLEKHA7 locus, which might affect the expression or interactions of PLEKHA7, could influence the barrier function of epithelial cells involved in these diseases, by interfering with the stabilizing role of the E-cadherin complex on the TJ barrier.

In summary, our results show that expression of specific exogenous PLEKHA7 constructs affects the dynamics of assembly and disassembly of the epithelial TJ barrier, and indicate that the E-cadherin protein complex and microtubules are mechanistically implicated in this modulation. These observations provide a framework for future studies on PLEKHA7 function in normal and diseased tissues.

Materials and Methods
=====================

Antibodies and plasmids
-----------------------

Antibodies were (species-antigen, dilution for immunofluorescence-IF with methanol fixation unless otherwise stated, and immunoblotting-IB): rabbit PLEKHA7 (1:10,000 IB[@R22]), rabbit cingulin (1:5000 IF-MeOH, 1:100 IF-PFA, 1:2000 IB[@R57]), rabbit paracingulin (1:250 IF, 1:10,000 IB[@R31]), mouse p120ctn (15D2, 1:250 IF, 1:2000 IB, from A. Reynolds), mouse E-cadherin (1:500 IF, 1:2000 IB, BD610181), rabbit α-catenin (1:100 IF, 1:1000 IB, BD610193), rabbit β-catenin (1:200 IF, Sigma C2206), mouse α-tubulin (1:150 IF, 1:1000 IB, Zymed 32--2500), rabbit anti-afadin (1:100 IF, Sigma A0224), rat ZO-1 (1:50 IF, a gift from D. Goodenough, Harvard University), rabbit occludin (1:50 IF, Zymed 71--1500), mouse myc (9E10 hybridoma culture supernatant, undiluted for IB). The constructs for inducible expression of YFP-PLEKHA7-myc were obtained by cloning either the full-length human PLEKHA7 sequence (residues 1--1121), or the truncated constructs (ΔCterm: 1--559, ΔNterm: 282--1121, Central: 351--820) into pBluescript (Xba-HindIII sites, except for Central, BamH1-EcoRI/XhoI), and subsequently into the NotI-ClaI sites of a previously prepared TRE2-Hyg vector[@R58] where NotI is downstream of a YFP cassette and ClaI upstream of a myc tag.

Cell culture, transfection, and other techniques
------------------------------------------------

Culture of MDCKII (Madin-Darby Canine Kidney) Tet-off epithelial cells (Clontech) and Caco2 cells, transfection, selection, isolation of stable clones, immunoblotting and immunofluorescence (cold methanol fixation) were as described previously.[@R58]^,^[@R59] Stable clones of MDCK-tet-off cells full-length or truncated constructs of PLEKHA7 were incubated either in the presence or in the absence of doxycyclin (40 ng/ml) for 72 h, prior to experimental manipulations. Treatment with nocodazole 1 h at 37 °C was at final concentrations of either 0.2 μM (TER experiments) or 33 μM (immunofluorescence), by dilution from a concentrated stock, in DMSO. Three clonal lines were generated for each construct, and their behavior was similar. Representative examples of experiments performed with one of the three lines is shown.

Calcium switch assay
--------------------

For the calcium switch assay, 2x10^4^ cells were plated into 6.5 mm Transwell filters (0.2 ml apical compartment, 0.7 ml basal compartment), and allowed to grow for 6 days, changing the medium every 2 days, to reach TER steady-state. The cells were then washed 3x with PBS without Ca, and the medium was replaced with Ca^2+^-free medium (SMEM+EGTA[@R30]). Following overnight incubation (16--20 h), the Transepithelial Electrical Resistance (TER) was measured (t = 0), then the medium was replaced with normal calcium medium (calcium-switch), and the TER was measured at different times (1, 2, 3, 4, 8, 24, 30 h) after the switch. TER was meausred using a Millipore ERS-CELL voltohmeter.[@R14]

Assembly at normal calcium, and calcium depletion assays
--------------------------------------------------------

Cells were incubated either with or without dox for 3 days, and then trypsinized and seeded on Transwells filters (3x10^5^ cells per filter). The TER was measured after overnight (18 h) incubation, and at subsequent times (22 h, 26 h, 42 h, 64 h, 90 h), until the TER value reached steady-state (at around 50 h). The average values under induced conditions (-dox) were expressed as a percent of the values under uninduced conditions (+dox), that were taken as 100%. To test the effect of calcium depletion, cells after overnight assembly at normal calcium were incubated either with solvent (DMSO, final 0.01%) or nocodazole (0.2 μM, in DMSO) for 1 h. Next, the TER was measured again (time = 0), and expressed as percentage of the value before the treatment. Cells were then either left in NC medium (with either DMSO or nododazole), or washed 3x with PBS without Ca, and incubated with Ca^2+^-free medium, containing either DMSO or nocodazole. The TER was then measured 30 min later, and expressed as a percent of the value before incubation with DMSO/nocodazole. The 30 min time point was chosen because at this time TER of MDCK monolayers is typically reduced by \> 70% compared with the initial value.[@R14] The TER values at 30 min were ratioed to the TER values at time = 0, to express them as a percent of initial value.

Measurement of paracellular flux
--------------------------------

For flux assays, confluent monolayers in duplicate 6.5 mm Transwell filters were cultured in normal medium for 24 h, washed with pre-warmed Hank's Buffer (Invitrogen 14025), and incubated in Hank's Buffer for 30 min at 37 °C. The Buffer in the apical chamber was aspirated, and the filter transferred into a new well, containing 0.7 ml Hanks' Buffer. 50 μl 3 kDa FITC-Dextran (Invitrogen D3305, stock 1 mg/ml) was added to the apical compartment. Cells were incubated at 37 °C for 2 h, and 0.1 ml of the basal compartment solution was removed, and replaced by 0.1 ml Hank's Buffer. For calcium depletion experiments, after aspiration cells were rinsed 3X with calcium-free PBS, and incubated in calcium-free PBS, containing the tracer. Fluorescence of the basal compartment sample was measured with a spectrophotometer, and the amount of dextran (ng/ml) in each sample was determined by interpolation with a standard curve. The apparent permeability was calculated using the formula: Perm~app~ = (ng/ml basal) x 10^6^/Area well x Initial concentration x Time (sec).

Immunofluorescence
------------------

For immunofluorescence analysis, we routinely used a cold methanol fixation protocol.[@R30] For labeling of microtubules, cells were washed twice with PBS, fixed in 4% paraformaldehyde (PFA), 1% Triton X-100 in Microtubule Stabilizing Buffer (MTSB, 1 mM EGTA, 4% PEG8000, 0.1M Pipes, pH 6.9) for 10 min at room temperature (RT), followed by incubation in 4% PFA in MTSB for 30 min RT, washing with PBS, blocking in 10 mM glycine, 1% bovine serum albumin (10 min RT), and washing with PBS. Incubation with primary and secondary antibodies (diluted in PBS) were performed either at 30 °C (45 min) or at 37° (30 min). Secondary antibodies (1:400, Jackson Laboratories) were labeled either with either Cy3 (anti-mouse or anti-rabbit) or Cy5 (anti-rat). Confocal images were acquired using a LSM-700 Zeiss confocal microscope.

Immunoprecipitation and immunoblotting
--------------------------------------

For immunoprecipitation, cells were lysed in IP lysis buffer (150 mM NaCl, 20 mM TRIS-HCl pH 7.5, 1% NP40, 1 mM EDTA), lysates were clarified by centrifugation (13,000 rpm for 15 min), 20 μl of Dynabeads Protein G (Invitrogen) were washed three times with PBS containing 5% BSA and 1% NP40, antibodies (5 μl of rabbit either anti-PLEKHA7 or preimmune serum[@R22]) were incubated for 1 h at 4 °C with Dynabeads, subsequently lysates were incubated overnight at 4 °C and washed with IP lysis buffer. Proteins were separated on 8% polyacrylamide gels, transferred onto nitrocellulose (0. 45 μm) (100 V for 80 min at 4 °C), and blots were incubated with primary antibody, followed by secondary HRP-labeled antibody (1:10,000, Amersham), and chemiluminescence revelation.

Statistical analysis
--------------------

Unless otherwise stated, TER and flux data represent the mean of at least three separate experiments, each with duplicate wells for each experimental condition. Data were analyzed for statistical significance (*P* \< 0.05) using the Student's T-test, the comparisons being made each time either between the --Dox (induced) and +Dox (uninduced), or between DMSO vs. nocodazole condition.
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